Transfer of healthy autologous tissue as a microvascular free flap facilitates reconstruction during ablative cancer surgery. In addition to filling surgical defects, free flaps might concentrate viral vectors at the tumour bed and mediate local therapeutic effects. We evaluated the magnitude, topography and duration of luciferase gene expression after plasmid and adenoviral delivery in rat superficial inferior epigastric (SIE) flaps. For plasmid delivery, luciferase expression was significantly increased by all transduction routes (topical, intraflap injection, intravascular) ( Po0.01) at day 1, but not at day 7. The spread of luciferase expression was significantly different between the 4 groups at 1 day ( P ¼ 0.026) and was greatest for flaps transduced by intravascular injection. For adenoviral transduction, total radiance was significantly different between the transduced groups at 1, 14 and 28 days (Po0.05 for all comparisons). The highest levels of radiance were seen in the intravascular group. There was a statistically significant difference in the spread of light emission between the 3 groups at 1 ( P ¼ 0.009) and 14 (P ¼ 0.013) days, but this was no longer evident at 28 days. Intravascular adenoviral delivery yields high-level, diffuse and durable gene expression in rat SIE flaps and is suitable for examination in therapeutic models.
Introduction
For many tumours, such as head and neck cancer, treatment of the primary (and locoregional lymph nodes) by surgery is potentially curative. [1] [2] [3] However, with locally invasive disease, there is a significant chance of leaving microscopic residual disease (MRD) in the surgical bed. 4 The risk of MRD contaminating the surgical field is greatest with large, locally advanced tumours and necessitates resection of large volumes of tissue en bloc to achieve clear margins of excision. 5 Such ablative procedures leave large defects that cannot simply be closed by suturing the wound edges together. Instead, fresh autologous tissue must be mobilized (either from adjacent or distant sites) and transferred to the surgical site during reconstructive surgery. 6 Recent advances in microsurgical techniques have ushered in a new era for reconstruction following head and neck cancer ablative surgery. 7 Microvascular free tissue transfer (of so-called flaps) enables reconstruction of major defects that were irreparable earlier, as well as markedly improving function and cosmesis. 8 Thus, surgeons can undertake aggressive surgical resections of large tumours, secure in the knowledge that the resulting tissue defect can be filled with healthy autologous flap tissue harvested from any appropriate part of the body. 9 Flap surgery involves transferring tissue from the immediate vicinity of the primary defect (local flaps) or from distant sites (distant flaps). 10 Distant tissue transfer involves transplanting donor tissue from one part of the body to another. 11 The tissue can either be transferred as a pedicled flap, without cutting and rejoining (anastomosing) the blood vessels, or as a free flap, whereby a block of tissue based on an arterial and venous vascular territory is removed from a donor site and reattached to the distant recipient site, where its circulation is restored by microvascular anastomosis. 12 The transferred tissue may contain skin, subcutaneous connective tissue and fascia, muscle, bone as well as the vasculature that supplies it. Factors to consider when choosing a flap include: size and location of the defect; underlying or exposed structures; size of available donor tissue and its pedicle length; resulting donor site defect or disability; viability of surrounding tissue and the shape and contour of the potential reconstruction. 13 Tissues selected for transfer are chosen on the basis of type and volume of tissue required to fill the surgical defect suitably, the ease of harvest and associated morbidity 14, 15 and the length of pedicle available 13, 16 As such, free tissue transfer simply fills a surgical defect and does not contribute directly to therapy. However, transferring fresh, tumour-free tissue from a distant site to a surgical bed that may be contaminated by MRD is a therapeutic opportunity in itself. Once detached from the blood vessels at the donor site, the free tissue flap will remain viable ex vivo for a period of time (up to many hours) that depends on its tissue composition. 17 The period between detachment from the donor site to re-anastomosis at the surgical bed represents a window of opportunity for transducing the flap with plasmid or viral vectors that may exert a therapeutic effect on MRD in the surgical defect. For flaps that are commonly used in the clinic, the window of opportunity in which transduction can take place is at least 45-60 min (and may be longer for some flaps).
As a first step towards investigating therapeutic free flap transfer in our laboratory, we have studied the relative transduction efficiencies of plasmid and adenoviral vectors in a rat model. Preliminary qualitative data were derived from studies using lacZ-expressing vectors. Thereafter, detailed analysis of the magnitude, topography and duration of gene expression was carried out using a non-invasive technique on the basis of imaging luciferase expression. These data provide a strong rationale for further preclinical development of this approach.
Results
Establishment of a rat superficial inferior epigastric artery free flap model 
Intravascular transduction of SIE flaps with lacZ-expressing plasmid and adenoviral vectors
LacZ expression was defined qualitatively at a macroscopic and microscopic level. Representative images for plasmid and adenoviral transductions (with appropriate phosphate buffered saline (PBS) controls) are presented in Figures 2a-h. The macroscopic images show diffuse transduction after intravascular administration of both pIRES-Neo.lacZ (Figure 2b ) and Ad.lacZ (Figure 2d ) vectors. X-gal staining showed that, if anything, lacZ expression was greatest after plasmid transduction, although this method did not lend itself readily to quantitative assessment. In contrast, control flaps showed little or no evidence of endogenous lacZ expression (Figures 2a and c ). Attempts to quantitate the level of transduction and to define its distribution were complicated by heterogeneous staining within individual flaps. However, the representative microscopic images (Figures 2f and h) show that lacZ staining was seen in a predominantly perivascular distribution. Therefore, to define further the extent of transduction throughout the superficial inferior epigastric (SIE) flap and its duration, we used non-invasive imaging of luciferase.
Analysis of total radiance after transduction with plasmid expressing luciferase Superficial inferior epigastric flaps were raised and transduced with 50 mg of the luciferase-expressing plasmid (p.Luc). administered by one of four routes: topical bathing, direct intraflap injection, intravascular injection and intravascular injection plus ultrasound and microbubbles. Animals were imaged at 1 and 7 days post-transduction.
At day 1, luciferase expression in all the transduced groups was significantly greater than in untransduced controls (Mack-Skilling's test, Po0.01). 18 Within the transduced groups, variability was seen in the magnitude and pattern of light emission. Luciferase expression was lowest in the bathed group, with low-level light emission limited to the periphery of the flap and notably in the area of the sutures (Figure 3b ). Direct intraflap injection was associated with high-level luciferase expression at the site of the injection, but with little spread of signal elsewhere in the flap (Figure 3c ). Both groups that received intravascular injections (both with and without microbubble injection and ultrasound) had diffuse luciferase expression throughout the flap (Figures  3d and e) . Comparing the groups using the KruskalWallis test a significant difference was seen between the groups (P ¼ 0.032). Using the Mann-Whitney test, both the intravascular and the intravascular plus ultrasound and microbubbles groups demonstrated significantly higher transduction than the bathed group (P ¼ 0.029 in both cases). No other differences were significant.
At day 7, luciferase expression was reduced in all experimental groups (Figures 3g-j) , suggesting that plasmid transduction was not associated with longevity of gene expression in this model. Nonetheless, there were statistically significant differences in transduction between the various groups. The total radiance in the group that received the direct intraflap injection ( Figure  3h ) was significantly higher than that in the groups that were transduced by topical bathing (Figure 3g ) or intravascular injection with ultrasound and microbubbles (Figure 3j ) (Mann-Whitney P-value ¼ 0.029 in both cases). The difference between the group that received the direct intraflap injection and the group that received intravascular injection (Figure 3i ) was not significant.
Analysis of the distribution of luciferase expression after transduction with p.Luc
The distribution of luciferase expression was quantified by measuring the light emission from each voxel on a grid of 96 equal-sized units (Figure 4) . To compare the distribution of radiance between groups, the number of voxels above a pre-determined threshold was recorded for each flap and groups were compared using the Kruskal-Wallis test. There was a significant difference (P ¼ 0.026) in the spread of the radiance between the four groups at the 24 h time point (Figures 5a-d) . At 24 h, the largest numbers of voxels with radiance above the threshold were recorded for the flaps transduced by intravascular injection with or without ultrasound Gene therapy by microvascular free tissue transfer VK Agrawal et al and microbubbles (Figure 6a ), although this effect had disappeared by 7 days (P ¼ 0.388) (Figure 6b ). Intravascularly transduced flaps demonstrated the most even distribution of transduction, although the site of maximal transduction varied according to the entry point of the pedicle into the flap. The addition of microbubbles and focused ultrasound did not deliver any significant additional transduction, improving neither the quantity nor the distribution of transduction. Direct intraflap injection caused transduction that was centralized around the point of the needle on the lateral aspect of the flap (Figures 3c and 5b ). In keeping with the data on the lowest levels of total radiance after topical bathing with p.Luc, this group demonstrated very little evidence of dissemination of transduction within the flap ( Figures  5a, 6a and b) .
Analysis of total radiance after transduction with adenovirus expressing luciferase
Superficial inferior epigastric flaps were raised and transduced with Ad.Luc. administered by one of three routes: topical bathing; direct intraflap injection or intravascular injection. After reviewing the results with p.Luc, it was decided not to test intravascular injection plus ultrasound and microbubbles with Ad.Luc. Animals were imaged at 1, 2, 3, 7, 14 and 28 days post-transduction.
Data were initially analysed using repeated measures analysis of variance. The experimental group to which the animal was assigned (topical bathing, intraflap injection or intravascular injection), whether it had been transduced or not, and the time at which the radiance There was a significant difference in total radiance between the three experimental groups at 24 h (KruskalWallis test, P ¼ 0.018) (Figures 7a-c) . Total radiance for the intravascular group was significantly higher than . When the individual groups at 2 weeks were compared, a significant difference was seen between the intravascular and topical bathing groups (Mann-Whitney, P ¼ 0.029), but not between the intraflap and bathed groups. At 4 weeks, there was no significant difference between any of the groups.
Analysis of systemic distribution of adenoviral vector
Images from the IVIS camera failed to demonstrate quantifiable luciferase expression beyond the boundaries of the transduced flap tissue (data not shown). However, the sensitivity of such an assessment may have been impaired by tissue attenuation of light emission from more deep-seated organs. Therefore, in line with the methodology used by Michaels et al., 19 we used reverse transcription PCR to look for lacZ expression in normal tissues. Representative data are shown for flap tissue and normal organs (heart, lung, liver, spleen, kidney, testis) harvested 5 days after Ad.lacZ injection ( Figure 11 ). A strong PCR signal was seen from the flap. A much weaker signal was seen from lung tissue in one rat ( Figure 11 ) and from kidney and testis in one rat (data not shown). Gene therapy by microvascular free tissue transfer VK Agrawal et al
Discussion
Free tissue transfer is a routine part of surgical cancer management, especially in head and neck, breast and gynaecological tumours. In a recent clinical study in 72 patients, we demonstrated that free tissue transfer opens up new therapeutic options for patients with relapsed head and neck cancer. 20 During wide-field ablative surgery for recurrent cervical lymphadenopathy in a previously irradiated subcutaneous tissue and skin area, transferring fresh autologous muscle, subcutaneous and skin allowed us to re-irradiate the tumour bed to 60 Gy with 192 Ir-brachytherapy. In-field control rates of 40-58% at 5 years were achieved without significant normal tissue damage. In this approach, the free tissue flap was a facilitator of further treatment, rather than the direct mediator of the therapeutic effect.
In this paper, we describe a means of refining the use of flaps to endow transferred tissue with the potential to contribute directly to an anticancer therapy. As such, free tissue flaps that express therapeutic genes potentially represent a powerful tool. Gene therapy approaches that may act against MRD in a post-surgical tumour bed include virally directed enzyme prodrug therapy, immunomodulatory therapy and radionuclide uptake therapy. 21 Virally directed enzyme prodrug therapy is an attractive option mediated by generation of activated prodrug metabolites in normal cells at the flap/tumour bed interface. These agents would have the potential of diffusing to areas containing MRD. The use of S-phase specific systems, such as HSV thymidine kinase/ganciclovir or cytosine deaminase/5-fluorocytosine, would result in antitumour specificity because flap tissues would not be actively dividing. Similarly, expression of immunomodulatory cytokines capable of concentrating effector T cells and/or antigen-presenting cells at the tumour bed would be an interesting therapeutic strategy. The use of NIS-mediated radioisotopic irradiation ( 131 I, 186 Re, 188 Re or 211 At) 22, 23 of the tumour bed has direct parallels with our recent experience with 192 Ir-brachytherapy in patients, but with the potential advantages of more homogeneous dose delivery, the use of fractionated doses and the ability to avoid implanting radioactive wires into the tumour bed.
Before undertaking therapeutic studies, it is necessary to evaluate the effect of different vectors and routes Gene therapy by microvascular free tissue transfer VK Agrawal et al of administration on the magnitude, topography and duration of gene expression. In this paper, we demonstrate that non-invasive bioluminescent imaging can be used to evaluate these parameters in a rat SIE artery free flap model. These studies confirm data generated in previous work in quadratus femoris and SIE flap models, which demonstrated efficient gene delivery by the intravascular route. 19, 24 That work examined the effect of a number of variables, including intravascular and intraparenchymal routes of injection, the effect of supraphysiological perfusion pressure, dwell time, viral concentrations and temperature on transduction and formed the initial starting point for our examination of the system. The SIE flap has a similar composition to flaps used in the clinic and also possesses a number of additional advantages. As the flap is located superficially, surgical access is relatively easy allowing the flap to be raised comparatively quickly. Additionally, following vascular re-anastomosis, the skin paddle facilitates reliable post-operative monitoring of the vascular sufficiency of the flap. The flap is based on the femoral vessels whose length and calibre both confer advantages. The calibre of the pedicle, with a diameter of approximately 1 mm, allows reliable re-anastomosis, and the long pedicle permits division of the vessels, segmental excision and re-anastomosis without flap compromise.
As the muscular component is very thin, it has a higher ischaemic tolerance than a pure muscle flap, such as the quadratus femoris flap. 25 This carries significance as our experimental design required an ex vivo period of 45 min (a time that is achievable in the clinic).
Initial studies demonstrated that intravascular delivery of lacZ-expressing plasmid and adenoviral vectors yielded transduction of a rat SIE flap. These data are in line with those of a previous study, which demonstrated that intravascular delivery of Ad.lacZ in SIE flaps transduced all cell types within the flap and was strictly limited to the flap. 19 Our analyses also showed lacZ expression, but highlighted the fact that this methodology was not well-suited to detailed quantitative analysis because of the patchy nature of the lacZ staining and the difficulties in obtaining representative three-dimensional reconstructions of levels of gene expression throughout the flap. Another shortcoming of lacZ staining was the fact that each rat could only be studied once after necropsy at a particular time point. Similar limitations exist for the use of reverse transcription-PCR or enzyme-linked immunosorbent assay-based analyses. Therefore, we chose to assess gene expression non-invasively by serial bioluminescent measurements, using the widely studied methodology of an IVIS camera. Gene
In the first instance, gene expression was measured after administration of vectors expressing firefly luciferase by a number of different routes. This initial evaluation aimed to assess the value of intravascular administration compared to more direct applications of the vector (intraflap injection or topical bathing). These studies represent the first attempt to compare intravascular with other routes of vector delivery. For both plasmid and adenoviral vectors, intravascular administration yielded greater total levels of luciferase expression. This observation is important because the more direct approaches to vector administration would certainly be easier to use in a clinical scenario and would not require specialist microsurgical techniques. Nonetheless, it appears that intra-arterial infusion of vectors is superior to other routes and provides a strong rationale Gene therapy by microvascular free tissue transfer VK Agrawal et al for developing this approach in the setting of free flap transfer (where surgical access to the arterial supply is required). These findings mirror those of Michaels et al.
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In terms of therapeutic importance, it is arguable that the topography of gene transduction, rather than its absolute level, will be a key factor. This issue can be considered in terms of the anatomical proximity between a transduced area in the flap and the underlying tumour bed harbouring MRD. For cytotoxic gene therapy approaches, such as virally directed enzyme prodrug therapy or radionuclide uptake therapy, a therapeutic effect mediated by transduction of normal tissues within a flap will be entirely reliant on the bystander effect. Therefore, the activated prodrugs generated by the flap will need to diffuse to foci of MRD and radioisotopes taken up in the flap will need to decay and release b-particles with sufficient path length to deliver radiation to the tumour bed. Success will be more likely if expression of the therapeutic gene occurs adjacent to MRD. Therefore, a diffuse pattern of moderate gene expression is probably more desirable than a very high level of expression in a small part of the flap. In this regard, intravascular administration of plasmid and viral vectors yielded the greatest spread of gene expression. Topical bathing of the deep surface of the flap initially seemed an attractive option given the fact that, after transfer to the surgical bed, this surface lies directly over the area at greatest risk of harbouring MRD. Unfortunately, the poor levels of transduction achieved with this method do not support its further use. Similarly, the lack of diffusion of vector from the site of direct intraflap injections argues strongly against the further development of this approach.
The duration of gene expression is another key variable in this system. In clinical settings, it will be necessary for patients to recover from the surgical procedure before any attempt is made to exploit the therapeutic potential of the transduced flap tissue. Our . A significant difference in total radiance was seen between the groups (Kruskal-Wallis test, P ¼ 0.037). The greatest level of total radiance and the most diffuse pattern of gene expression were seen in the intravascular group.
Gene therapy by microvascular free tissue transfer VK Agrawal et al previous experience with the use of free tissue flaps in the head and neck region showed that a post-surgical recovery time of 5-7 days was required. 20 Therefore, maintenance of gene expression at and beyond this time point will be necessary if therapeutic benefit is to be derived. The data for plasmid administration suggest that gene expression is short-lived with almost complete silencing after 7 days, irrespective of the route of administration. For intravascular adenoviral delivery, gene expression also decreased over time but was still maintained at levels significantly above controls at 2 weeks. By using IVIS imaging, we were able to track gene expression in flaps in individual animals sequentially over time, without subjecting them to necropsy. These data provide clear evidence that this approach has potential clinical utility, and ongoing studies in our laboratory are assessing the efficacy of intravascular adenovirus-mediated therapeutic gene delivery in a model of MRD.
An important component of the development of the strategy of using free tissue flaps will be evaluation of specific interventions to improve the efficiency of the transduction process. Our studies involving ultrasound aimed to improve flap transduction without jeopardising its viability. Unfortunately, although ultrasound was well tolerated, it did not improve the magnitude, topography or duration of gene expression in the plasmid experiments, and its use was not pursued with adenovirus. Further experiments will now focus on such variables as the effect of concomitant recombinant VEGF 26 and vascular permeabilizing cytokines and physical factors such as variation in the temperature, dose and pressure of the perfusate. We will also consider the effect of dwelltime with these different scenarios and compare the data with previous reports.
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Materials and methods
Plasmid vectors
A lacZ expression plasmid was constructed as follows. LacZ cDNA was amplified by PCR with primers GCTCAGGATCCTTATTTTTGACACCAGACCAACTGG and ATAAGATTGCGGCCGCATGGTCGTTTTACAACG TCGTGACTGG that contained unique BamH1 and Not1 (both from New England Biolabs (UK) Ltd.) restriction enzyme sites, respectively (underlined). The PCR product was digested with BamHI and NotI and gel purified using the QIAquick gel purification kit (Qiagen, Crawley, UK). Plasmid pIRES-Neo (Clontech-Takara Bio Europe, France) was also digested with NotI and BamHI and the linearized plasmid DNA gel was purified. The Gene therapy by microvascular free tissue transfer VK Agrawal et al purified PCR and backbone plasmid products were ligated (T4 DNA ligase, Invitrogen Ltd, Paisley, UK) and transformed into E. coli TOP10 (Invitrogen). pIRESNeo.lacZ plasmid DNA was extracted and assessed for the presence of the lacZ gene by PCR and by transfection into HCT116 tumour cells followed by staining for b-galactosidase expression. Positive clones were grown up and DNA extracted (Maxi Prep, Qiagen) for subsequent in vivo analyses. Plasmid p.Luc was provided as a gift by Dr M Smalley (Breakthrough for Breast Cancer Centre, The Institute of Cancer Research). In this plasmid, firefly luciferase (Luc) is expressed under the control of the cytomegalovirus promoter. It was constructed by insertion of the Luc open reading frame from pGL3basic (Promega UK, Southampton, UK) between the NheI and XbaI restriction sites of vector pcDNA3.1+ (Invitrogen). Chemically competent DH5á E. coli (Invitrogen) were transformed and resultant cultures were grown in the presence of 100 mg ml À1 ampicillin. pCMV-Luc was extracted and purified using a Midiprep Kit (Qiagen).
Plasmid concentrations (typically 0.5 mg ml
À1
) and purity (ratio of optical densities at 260 and 280 nm of 1.7-1.9) were evaluated using spectrophotometry.
Adenoviral vectors
Ad.lacZ (Adeno-X-LacZ) in which b-galactosidase was driven by a human cytomegalovirus immediate/early promoter was purchased from Clontech (Mountain View, CA, USA) at a titre of 10 10 plaque-forming units (PFU) per ml. Ad.Luc contained a luciferase expression cassette driven by the Rous sarcoma virus promoter that was produced in 293 cells. Titration of the virus stock to determine the number of infectious units (IU) per ml was carried out by plaque assay on 293 cells. All viral stocks were stored in single use aliquots at À80 1C until needed.
b-galactosidase staining
Cell monolayers were washed with PBS and then fixed with formaldehyde (BDH Laboratory Supplies, Poole, UK), 0.2%. glutaraldehyde (Sigma-Aldrich, Poole, UK) for 5 min at room temperature. The fixed cell monolayers were then washed twice with PBS and stained with 1 mg ml À1 X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) (Merck Biosciences, Darmstadt, Germany), 5 mM ferricyanide (Sigma-Aldrich Ltd, Poole, UK), 5 mM ferrocyanide (Sigma), 2 mM MgCl 2 (BDH Laboratory Supplies, Poole, UK), 0.02% (v/v) NP40 (Igepal CA-630, Sigma), 0.01% (v/v) SDS (BDH Laboratory Supplies) in PBS for 8-4 h in a 37 1C humidified incubator.
Animals
Adult male Fisher 344 rats (Harlan, Bicester, UK) weighing between 150 and 250 g were used. Rats were maintained under specific pathogen-free conditions in sterile filter-top cages on sterile bedding, and fed an irradiated diet of standard rodent chow and autoclaved, acidified water (pH 2.8) ad libitum. All animal procedures were performed under licence from the Home Office and were approved by the institutional ethics review board.
Surgical technique to generate SIE flaps
The adipo-fascio-myocutaneous SIE flap as first described by Strauch and Murray 27 and modified by Nishikawa et al. 28 was selected for these studies. Surgical anaesthesia was induced and maintained with isoflurane (Abbott Laboratories, Queenborough, UK). The ventral inferior skin was depilated with Veet cream (Veet, Clevedon, Eire), cleaned and the flap margins were marked on the skin (Figure 1a) . The flap was raised with a scalpel and surgical blade (Swann-Morton, Sheffield, UK) (Figure 1b) . Using an operating microscope (Zeiss, Welwyn Garden City, UK) and surgical instruments (Vessel Dilators/Forceps D-5a.3, Microscissors SAS-15, Needle Holder: B-15-8.3, Microclamps: B-3 00400 V, HD-S (S&T, Neuhausen, Switzerland)), the pedicle was isolated and all periadventitial fat removed. Particular care was taken to avoid handling the origin of the SIE artery. The surgical site and vessels were bathed in 2% lidocaine (Hameln Pharmaceuticals, Gloucester, UK) to provide local anaesthesia and to relieve arterial spasm. Following clamping of the proximal femoral artery with a microvascular clamp size B-3 (S&T), an arteriotomy was made to permit insertion of a 30 gauge ophthalmic cannula (Altomed, Boldon, UK). The cannula was secured with a double-tied 10/0 W2850 Ethilon suture (Ethicon, Edinburgh, UK) and the flap flushed with 1 ml of Dulbecco's PBS to ensure that the vasculature was cleared of residual blood. The femoral vein was then clamped and both the artery and vein transected midway along their length (Figure 1c) . The flap was removed from the body with the cannula in situ and placed in a Petri dish (Nunc, Roskilde, Denmark). A vascular clamp was applied to the vein (Figure 1d ). Flaps were transduced as described below and then the artery and vein were re-anastomosed using 10/0 nylon (Figure 1e ) and the flap was inset and sutured into position with interrupted 3/0 W2511T silk sutures (Ethicon) (Figure 1f) . The rats were then placed in a protective soft collar made from cage liner and taped together by autoclave tape (Westfield Medical, Radstock, UK) and allowed to recover.
Pre-, per-and post-operative analgesic drugs were administered to minimise the morbidity of the surgical procedure. Animals were given buprenorphine (Schering-Plough, Harefield, UK) 0.1 ml per 100 g weight preoperatively, in the immediate post-operative period and 12 hourly for 5 days after surgery. In addition, they were given carpofen (Pfizer, Tadworth, UK) 0.1 ml per 100 g of a dilution of 0.5 ml in 9 ml sterile water immediately post-operatively.
Transduction of tissue flaps
Flaps were transduced ex vivo in sterile Petri dishes (Nunc) (Figure 1d) . A 1 ml syringe (Terumo, Leuven, Belgium) fitted with a 12G needle (Terumo) was primed with PBS and used to draw up the appropriate experimental preparation (plasmid DNA (pIRES-Neo. LacZ or p.Luc)-50 mg in 500 ml PBS; adenovirus (Ad.lacZ or Ad.Luc)-1 Â 10 8 PFU in 500 ml PBS)). Following mixing by gentle inversion, the solution was delivered to the flap by a number of different routes, as follows: (i) bathed flaps were transduced by adding the solution containing the plasmid or adenovirus drop-wise onto the deep surface of the flap in the Petri dish. The Gene therapy by microvascular free tissue transfer VK Agrawal et al flap was coated with the solution and then placed with the deep surface face down in the covered dish to minimise evaporative losses; (ii) injected flaps were transduced by direct introduction of a 12G needle in to the centre of the flap using a lateral approach to minimise the risk of pedicle damage. The solution was deposited under the skin surface and the flap placed in a Petri dish and covered; (iii) intravascular gene delivery was performed as an intra-arterial injection with the vein cross-clamped at the pedicle using a B-3 microvascular clamp (S&T). To maximise efficiency of intravascular transfer, a further 500 ml of PBS was delivered using the same needle and syringe. This had the effect of ensuring that the entire vascular tree of the flap was perfused; (iv) intravascular transduction with plasmid DNA in association with microbubbles and ultrasound delivery was performed, as described in the section on Ultrasound Treatment (see below).
All four routes of administration were tested with the plasmid DNA, but for adenoviral gene delivery the last experimental group (intravascular plus microbubbles and ultrasound) was omitted. In all experiments, control flaps were treated in an identical manner (surgical technique, vascular cannulation, ex vivo time separated from vasculature) to the experimental flaps, with the exception that the transduction solution contained only PBS. For the pIRES-Neo.LacZ and Ad.lacZ experiments, groups of three rats were transduced for each condition. For the p.Luc and Ad.Luc experiments, groups of four rats were transduced for each condition.
Following an incubation period of 45 min at room temperature, the cannula was used to flush through 1 ml of PBS and the surface of the flap was gently irrigated. Thereafter, the flap was reanastomosed to the vasculature, inset and sutured as described above.
Ultrasonic exposure of the SIE flap
Assembly of the apparatus used to generate the ultrasound field has been described previously. [29] [30] [31] Briefly, signal from a waveform generator (model 33220A, Agilent Technologies Inc., Loveland, CO, USA) was fed into an RF power amplifier (58 dB gain, model BT00500 BETA, Tomco Technologies, Norwood, Australia) and thence to a custom-made 1 MHz ultrasound transducer (Imasonics, Besancon, France). The transducer was spherically focused, of 20 mm diameter and 68% bandwidth, with the focal point of the ultrasound beam 67 mm from the transducer face. Dosimetry of the 1 MHz transducer in its focal plane has been previously described. 29, 30 To expose the tissue flap at the focal distance, a cylindrical perspex 'stand-off' was made to fit around the transducer: a layer of cling-film was used to retain a column of water in this tube through which the ultrasound was transmitted. The internal diameter of 38 mm was such that there was negligible disturbance of the acoustic field at the focal distance (that is, at the end of the tube). Acoustic contact gel was used to provide good transmission into the tissue flap, which was placed (again with contact gel) on a 14 mm-thick polyurethanebased anechoic absorber (National Physical Laboratory, Teddington, UK). The latter was used to prevent reflections and standing wave generation leading to unquantifiable exposure conditions; the effectiveness of this material in eradicating reflections has been demonstrated. 29, 30 Before exposure of the tissue flap to ultrasound, a total volume of 0.4 ml of 0.9% (w/v) sodium chloride containing 50 mg p.Luc and 4% (v/v) SonoVue microbubbles (Bracco, High Wycombe, UK) was injected into the tissue flap through the cannulated artery. A further 0.6 ml 0.9% (w/v) sodium chloride was injected and the artery was clamped. SonoVue is an ultrasound contrast agent consisting of phospholipid-encapsulated microbubbles (1-12 mm) filled with SF 6 gas. 30, 31 SonoVue was prepared according to the manufacturer's protocol to yield a solution containing 2 Â 10 8 -5 Â 10 8 microbubbles per ml. The tissue flap was then exposed to pulsed 1 MHz ultrasound at the transducer focal distance for 10 s, followed by an interval of 10 s and a second 10 s exposure period. The pulse repetition frequency was 1 kHz, each pulse consisting of 40 cycles of pressure amplitude 1.4 MPa (peak-to-peak) at the transducer focus. Either side of the focus the amplitude falls, with a peak width at half-height of 8 mm, over which region transfection efficiency in vitro is maximal. As the tissue flap was slightly larger than this region, the transducer was 'scanned' during the exposure periods for uniform exposure.
Immunohistochemistry for Lac Z
Flaps were harvested, rinsed with PBS and immersed immediately in fixing solution (1% formaldehyde, 0.2% glutaraldehyde, 2 mM MgCl 2 , 5 mM EGTA, 0.02% NP-40 made up to volume of 200 ml with PBS) overnight at room temperature. They were then washed thrice in a solution of PBS/0.02% NP-40 at room temperature for 5 min at a time on a rocking platform. The flaps were then transferred to X-Gal staining solution (5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% NP-40, 1 mg ml À1 X-Gal) made up to a volume of 200 ml with PBS and incubated at 37 1C overnight. Following staining, the flaps were washed thrice for 5 min with PBS at room temperature on a rocking platform. The flaps were then post-fixed in 4% paraformaldehyde solution (200 ml of deionized water, 2.68 g sodium cacodylate (SigmaAldrich), 1.9 g sodium chloride, 11.8 g paraformaldehyde (Fisher, Loughborough, UK)) at 4 1C overnight. Tissue was then washed with PBS thrice for 10 min each and serially dehydrated in 10, 15 and 20% sucrose in PBS. The flaps were then incubated overnight at 4 1C in a 1:1 mix of 20% sucrose:OCT (Raymond A Lamb, Eastbourne, UK). They were then embedded in OCT embedding medium and stored at À80 1C. The frozen section blocks were then sectioned on a cryostat (Leica CM 3050, Wetzlar, Germany) for microscopic examination.
In vivo luciferase imaging protocol
To quantitate Luc gene expression, an IVIS system (Xenogen, Cranbury, New Jersey) was used to measure radiance and data were analysed using Living Image 2.60.1 software (Xenogen). Rats were induced and maintained with isoflurane anaesthesia and an intraperitoneal injection of 15 mg kg À1 body weight D-luciferin firefly potassium salt (Xenogen) was administered. After 5 min, the animal was imaged twice at exposures lasting 5 min each with the following settings: sensitivitylarge/high sensitivity; f/stop-1; emission filter-open; 
Analysis of intensity and distribution of luciferase expression
To assess the intensity and distribution of luciferase expression within the flap, captured images were divided into 96 voxels of equal size. Total radiance (as a measure of the total transduction of the flap) was calculated by the Living Image software as an integrated function of all 96 voxels. Individual measures from each of the voxels were used to construct topographic intensity maps for the flaps transduced by the different vectors and the different routes of administration.
Analysis of systemic distribution of adenoviral vector
To assess systemic leakage of adenoviral vectors, flaps were transduced with Ad.lacZ. in three rats according to the standard protocol and the animals were killed at 5 days. The flaps and normal organs (heart, lung, liver, spleen, kidney, testis) were harvested, snap frozen and stored at À80 1C. RNA was extracted using Qiagen RNeasy (Qiagen), and 60 ng from each sample was assayed directly by reverse transcriptase PCR) using the OneStep RT-PCR Enzyme Mix Kit (Qiagen). Primers for lacZ were used: forward, 5 0 GATCAAATCTGTCGATCCT TCC and reverse, CAAAGACCAGACCGTTCATACA. PCR reaction conditions were: 50 1C for 30 min (for reverse transcription); 95 1C for 15 min; and then 40 cycles of 94 1C for 30 s, 55 1C for 30 s, 72 1C for 45 s; followed by 72 1C for 10 min. Following the PCR, 5 ml of the reaction product was run on a 2% agarose gel.
Statistical analysis
Data were analysed using Microsoft Excel and the Statistical Program for Social Sciences (SPSS 2006 SPSS Inc. Chicago, IL, USA). The total radiance produced by the different transduced groups was compared by using Kruskal-Wallis' test, a non-parametric version of the one-way analysis of variance. When a significant difference was found between the groups, separate pairs were compared with Mann-Whitney's test and a P-value less than 5% was considered significant. With only four rats per group and using Mann-Whitney's test, the lowest possible P-value we can obtain is 0.029, which corresponds to all the rats in one group having lower radiance to the rats in the other group. Any other outcome would result in a P-value greater than 5%. The total radiance of the transduced groups was compared against the controls by using Mack-Skilling's test, 18 a non-parametric alternative to the two-way analysis of variance. For the Ad.Luc data, repeated measures analysis of variance was used to take into account the effect of time. We quantified the spread of the transduction within a flap by determining the number of voxels that were above a threshold value. This threshold (141706.2 p s À1 cm
À2
) was derived by Living Image using an automatic function on the first rat that was imaged and remained the same for each rat. The experimental groups were then compared, as above, using Kruskal-Wallis' test.
